Postdeposition solvent annealing of water-dispersible conducting polymers induces dramatic structural rearrangement and improves electrical conductivities by more than two orders of magnitude. We attain electrical conductivities in excess of 50 S∕cm when polyaniline films are exposed to dichloroacetic acid. Subjecting commercially available poly(ethylene dioxythiophene) to the same treatment yields a conductivity as high as 250 S∕cm. This process has enabled the wide incorporation of conducting polymers in organic electronics; conducting polymers that are not typically processable can now be deposited from solution and their conductivities subsequently enhanced to practical levels via a simple and straightforward solvent annealing process. The treated conducting polymers are thus promising alternatives for metals as source and drain electrodes in organic thin-film transistors as well as for transparent metal oxide conductors as anodes in organic solar cells and light-emitting diodes.
Postdeposition solvent annealing of water-dispersible conducting polymers induces dramatic structural rearrangement and improves electrical conductivities by more than two orders of magnitude. We attain electrical conductivities in excess of 50 S∕cm when polyaniline films are exposed to dichloroacetic acid. Subjecting commercially available poly(ethylene dioxythiophene) to the same treatment yields a conductivity as high as 250 S∕cm. This process has enabled the wide incorporation of conducting polymers in organic electronics; conducting polymers that are not typically processable can now be deposited from solution and their conductivities subsequently enhanced to practical levels via a simple and straightforward solvent annealing process. The treated conducting polymers are thus promising alternatives for metals as source and drain electrodes in organic thin-film transistors as well as for transparent metal oxide conductors as anodes in organic solar cells and light-emitting diodes.
electrical conductivity | solar cells | thin-film transistors | light-emitting diodes | polyaniline T he promise of organic devices as platforms for lightweight, low-cost, and mechanically flexible plastic electronics has spurred research in conducting polymers (1) (2) (3) (4) (5) (6) . Though highly conductive (>100 S∕cm), these early conjugated systems are frequently insoluble in common solvents, severely restricting their utility in proposed applications. To overcome the intractability of conducting polymers, polymer acids-instead of small-molecule acids-have been used as counterions to maintain charge neutrality in doped poly(ethylene dioxythiophene), PEDOT, or as proton sources for doping polyaniline, PANI, effectively rendering these materials water dispersible. Such enhancement in processability, however, comes at the expense of electrical conductivity, presumably due to additional structural disorder the polymer acid introduces during template polymerization. Polymer acid templated conducting polymers thus frequently exhibit electrical conductivities (<1 S∕cm) that are several orders of magnitude lower than those of small-molecule acid doped systems. When these polymers are incorporated as electrodes in organic thin-film transistors (OTFTs) (7, 8) , or as anodes in organic solar cells (OSCs) (9, 10) and light-emitting diodes (OLEDs) (11, 12) , the bulk resistance of the conducting polymers severely limits device performance.
Exposing conducting polymers to selective reagents can improve electrical conductivities through a process known as secondary doping (13) (14) (15) (16) (17) (18) . When commercially available PEDOT that is template synthesized with poly(styrene sulfonic acid), PEDOT-PSS, is exposed to sorbitol (16) , dimethylsulfoxide (17) , or ethylene glycol (18) , for example, its electrical conductivity can be improved by an order of magnitude. Despite such reports, the mechanism by which this conductivity enhancement occurs via exposures to seemingly unrelated solvents remains controversial (14) (15) (16) (17) (18) . Elucidation of the origin of conductivity enhancement is further complicated by the fact that these reagents are highly specific to PEDOT-PSS; exposing water-dispersible, polymer acid templated PANI to these reagents does not improve its conductivity. Although conductivity enhancement has been demonstrated with the secondary doping of smallmolecule acid doped PANI with exposure to select solvents (13, 19, 20) , there have been no reports to date of postdeposition conductivity enhancement in polymer acid templated PANI.
Starting with PANI that is templated with poly(2-acrylamido-2-methyl-1-propanesulfonic acid), or PANI-PAAMPSA, we have improved its conductivity by more than two orders of magnitude through a simple exposure to dichloroacetic acid (DCA) and we further elucidate the mechanism by which this conductivity improvement occurs. More importantly, this treatment is general and can be applied to other polymer acid templated conducting polymer systems; exposing PEDOT-PSS to DCA results in an electrical conductivity as high as 250 S∕cm. When DCA-treated conducting polymers are incorporated as electrodes in OTFTs and as anodes in OSCs and OLEDs, the bulk resistance that plagues devices with untreated conducting polymer electrodes is effectively eliminated. These materials-readily processed from solution-thus make excellent alternatives to costly metals and metal oxide conductors in organic electronics. Fig. 1 shows the electrical and structural characterization of PANI-PAAMPSA before and after DCA treatment. Four-probe measurements on drop-cast PANI-PAAMPSA films yield currents on the order of 10 −1 mA when a 10 V bias is applied (representative data presented as solid line in Fig. 1A ; magnified in inset). Given the slope of the current-voltage (I-V) characteristics and the film dimensions, the conductivity of pristine PANI-PAAMPSA is 0.38 AE 0.05 S∕cm; we obtain comparable values via the transmission line method (21, 22) . After DCA treatment, applying a 10 V bias across the same films results in current levels that are two orders of magnitude higher (representative data presented as dashed line in Fig. 1A) . Accordingly, the conductivity increases 110-fold to 40.78 AE 10.17 S∕cm. Fig. 1B shows the ultraviolet-visible-near infrared (UV-vis-NIR) spectra of PANI-PAAMPSA before (solid line) and after DCA treatment (dashed line). The spectrum of untreated PANI-PAAMPSA film exhibits a broad band that is attributed to the π-π Ã transition between 310 and 450 nm and a polaron transition at approximately 800 nm (20, 23) . Both absorptions are characteristic of PANI having a compact coil conformation; this spectrum is generally associated with PANI having low conductivities (0.01-1 S∕cm) (13, 19) . The UV-vis-NIR spectrum of DCA-treated PANI-PAAMPSA shows significant absorption that extends into the NIR region. The presence of this free-carrier tail has previously been observed in small-molecule acid doped PANI upon secondary doping, and suggests PANI with an extended chain conformation (13, 19) . Fig. 1C and D contain representative atomic force micrographs (AFMs) of PANI-PAAMPSA before and after DCA treatment, respectively. The pristine PANI-PAAMPSA film is rough (rms roughness is 60.3 nm in the 5 × 5-μm window) and exhibits features that are reminiscent of electrostatically stabilized colloidal particles typical of conducting polymers from template synthesis on polymer acids (22) . With DCA treatment, the same film now appears featureless, with an rms roughness of 4.3 nm. Exposing PANI-PAAMPSA to DCA enhances its electrical conductivity; this conductivity improvement is accompanied by dramatic structural rearrangement that traverses multiple length scales.
Results and Discussion
During template polymerization, PANI-PAAMPSA forms submicron colloidal particles that are electrostatically stabilized by ionic interactions between the −SO − 3 groups of PAAMPSA and the aniline repeat units. When cast as films, the connectivity of these particles limits bulk electrical conductivity (22) . Exposing PANI-PAAMPSA films to DCA "dissolves" these PANI-PAAMPSA particles, resulting in a smooth film with high conductivity. To understand the role DCA plays during solvent annealing, we measured the ionization constants (pK a ) of DCA and PAAMPSA (details provided in supplementary information). The pK a of DCA is 0.70 whereas that of PAAMPSA is 2.29 at 70°C. Given that DCA is a good solvent for PAAMPSA and its pK a lower than that of PAAMPSA, exposing the film to DCA must effectively plasticize PANI-PAAMPSA and induce structural rearrangement via disruption of ionic interactions between the −SO − 3 groups of PAAMPSA and the aniline repeat units. During solvent annealing with DCA, the relaxation of particles leads to a more favorable conformation for charge transport. X-ray photoelectron spectroscopy (XPS) experiments on PANI-PAAMPSA films before and after exposure to DCA verify the modulation of ionic interactions in PANI-PAAMPSA (SI Text). These experiments also point to the absence of chlorine in the DCA-annealed film, indicating the complete removal of DCA after treatment and disproves DCA-doping of PANI (24) as a source of conductivity improvement.
We carried out additional control experiments by treating PANI-PAAMPSA films with trichloroacetic acid (TCA), DMSO, and hydrochloric acid (HCl). Like DCA, TCA is a good solvent for PAAMPSA and has a pK a (0.89 at 25°C) that is lower than PAAMPSA (25); exposing PANI-PAAMPSA to TCA thus induces structural rearrangement and a concurrent increase in electrical conductivity (34.75 AE 6.31 S∕cm). DMSO and HCl are negative controls: DMSO is not acidic (pK a ¼ 35 at 25°C) despite being a good solvent for PAAMPSA, and HCl is a bad solvent for PAAMPSA though it has a low pK a (−7 at 25°C). When PANI-PAAMPSA is annealed in DMSO, the conductivity remains unchanged and we do not observe any structural rearrangement, implicating the importance of solvent acidity for this process.
Exposing PANI-PAAMPSA to HCl results in a small increase in its conductivity (1.88 AE 0.26 S∕cm). Unlike PANI-PAAMPSA films that are exposed to DCA, however, the AFMs of HCltreated PANI-PAAMPSA films is not different from that of pristine PANI-PAAMPSA (see SI Text); we still observe submicron size particles composing the films. The UV-vis-NIR spectrum of HCl-treated PANI-PAAMPSA is similar to that of untreated PANI-PAAMPSA, indicating that PANI-PAAMPSA retains its compact coil conformation despite exposure to HCl. This increase in conductivity when PANI-PAAMPSA is exposed to HCl is thus not induced by structural rearrangement. When PANI is template synthesized with high molecular weight PAAMPSA, PANI-PAAMPSA is only partially doped due to mass transfer limitations of the polymer acid (21) . This 5-fold increase in conductivity of PANI-PAAMPSA is thus attributed to HCl doping of residual imine sites along the PANI backbone (21) . Because HCl is a bad solvent for PAAMPSA, it cannot induce the dramatic structural changes or the accompanying conductivity enhancement seen with DCA treatment of PANI-PAAMPSA. Collectively, our control experiments implicate the requirement of a solvent that is a good plasticizer and a stronger acid than the polymer acid for drastic conductivity enhancement.
To evaluate the generality of this treatment, we also solvent annealed PANI-PSS and PEDOT-PSS. With DCA treatment, the conductivity of PANI-PSS increases nearly 250-fold, from 0.17 AE 0.04 S∕cm to 42.37 AE 12.49 S∕cm. Given that DCA is a good plasticizer for PSS and its pK a lower than that of PSS (pK a ¼ 0.70 and 1.95, respectively, at 70°C), solvent annealing with DCA can also relax the electrostatically stabilized PANI-PSS particles that are formed during template polymerization. Solvent annealing PEDOT-PSS with DCA also results in a dramatic conductivity improvement of 835-fold, from 0.21AE 0.05 S∕cm to 175.39 AE 59.7 S∕cm. Unlike solvent annealing of PANI, however, exposing PEDOT-PSS to DCA causes significant roughening of the conducting polymer film (the rms roughness increases from 0.9 to 2.6 nm; see SI Text). A different mechanism must thus be at play when PEDOT-PSS is exposed to DCA. Given that PANI is rendered electrically conductive via proton doping while conductive PEDOT is obtained on oxidative doping, it is not surprising that the origin of conductivity enhancement in these systems is different when exposed to DCA. Furthermore, spin casting PEDOT-PSS results in the formation of a thin insulating PSS overlayer (15, 22, 26) . We thus hypothesize that solvent annealing-with DCA being a good solvent for PSS-disrupts this insulating overlayer, effectively enhancing the bulk conductivity of PEDOT-PSS films. In this case, the acidity of the solvent is irrelevant because oxidative doping of PEDOT-PSS is pH independent. Indeed, prior reports indicate that exposing PEDOT-PSS to DMSO (17) , ethylene glycol (15) , and n-methylpyrrolidone (18)-all good solvents for PSS but none strong acids -can improve its bulk conductivity. Further evidence that conductivity enhancement in PEDOT-PSS arises from the selective surface enhancement of PEDOT stems from XPS and UV-vis-NIR spectroscopy experiments (see SI Text), which collectively indicate an increase in PEDOT concentration at the film surface after exposure to DCA without significant change in polymer conformation.
To examine the versatility of DCA-treated conducting polymers, we incorporated PANI-PAAMPSA and PEDOT-PSS as functional components in OTFTs, OSCs, and OLEDs. Fig. 2 contains representative the I-V characteristics of bottom-contact OTFTs with untreated and DCA-treated PANI-PAAMPSA as source and drain electrodes and dihexylthiophene anthracene, DHT-ANT (27) , as the active layer; the corresponding transfer characteristics are also included. The field-modulated current from the device with untreated PANI-PAAMPSA electrodes suffers from significant hysteresis and we observe severe current crowding at gate voltages beyond −5 V because PANI-PAAMPSA electrodes are resistive. When DCA-treated PANI-PAAMPSA electrodes replace untreated electrodes in these OTFTs, the output currents are at least an order of magnitude higher and the hysteresis is completely eliminated. Further, the transfer characteristics are well behaved, indicating that field modulation of the output current is no longer limited by the bulk resistance of PANI-PAAMPSA electrodes. Replacing pristine electrodes with DCA-treated PANI-PAAMPSA electrodes in OTFTs increases the device mobility from 0.007 AE 0.003 cm 2 ∕V s to 0.07AE 0.02 cm 2 ∕V s and the on/off current ratio from 10 3 to 10 5 .
When spun cast as thin films on glass substrates, DCA-treated PANI-PAAMPSA (300 nm) and PEDOT-PSS (400 nm) are colored but transparent (Fig. 3A) . The transmission spectra of these films along with that of indium tin oxide (ITO) coated with 60-nm-thick PEDOT-PSS (to simulate the common buffer layer/ ITO combination used in organic optoelectronics) are shown in Fig. 3B . At λ ¼ 555 nm, where the human eye is most sensitive, PEDOT-PSS/ITO has a transmissivity of 84%. DCA-treated PANI-PAAMPSA and PEDOT-PSS transmit 69% and 73%, respectively. The same films exhibit sheet resistances of 2690AE 1000 Ω∕sq and 280 AE 14 Ω∕sq, respectively. While the transmissivities of DCA-treated conducting polymers are lower and the sheet resistances higher than that of PEDOT-PSS/ITO (of order 10 Ω∕sq), at a fraction of the cost, these conducting polymers remain attractive alternatives to ITO as transparent anodes in OSCs. To test their viability, we fabricated and tested bulk heterojunction OSCs whose photoactive layer consists of a blend of poly(3-hexylthiophene), P3HT, and [6, 6] -phenyl-C61-butyric acid methyl ester, PCBM, in which untreated and DCA-treated conducting polymers replace ITO as anodes. Aluminum was used as cathodes; the devices were constructed and tested in air. Fig. 3 contains the diode characteristics (C) and the illuminated photovoltaic characteristics (D) of representative devices with untreated and DCA-treated PANI-PAAMPSA anodes. The photovoltaic parameters of these devices, including the series and shunt resistances extracted from J-V characteristics, are summarized in Table 1 . Consistent with the fact that the open-circuit voltage (V OC ) is, to first order, dictated by the energy levels of the electron donor and acceptor within the photoactive layer (28), it remains at 0.51 V independent of whether the anode is treated with DCA. Replacing untreated PANI-PAAMPSA with DCAtreated PANI-PAAMPSA anodes increases the average short-circuit current density (J SC ) from 1.95 AE 0.08 mA∕cm 2 to 4.95AE 0.16 mA∕cm 2 , effectively increasing the device efficiency from 0.39 AE 0.05% to 0.97 AE 0.18%. This increase in current density stems from a decrease in series resistance in our device. We also fabricated and tested OSCs with untreated and DCA-treated PEDOT-PSS as anodes. Consistent with OSCs with PANI-PAAMPSA anodes, incorporation of DCA-treated PEDOT-PSS anodes increases the J SC by 1.5-fold compared to devices with pristine PEDOT-PSS anodes. This increase is also attributed to a significant decrease in the series resistance in the device with DCA-treated anode, ultimately resulting in improved diode characteristics when the device is tested in the dark (Fig. 3E ) and a higher fill factor under illumination (Fig. 3F) . The V OC in these OSCs is pinned at 0.55 V given that the energetics of the devices with untreated and treated PEDOT-PSS anodes are comparable. The V OC of OSCs with PEDOT-PSS anodes is slightly higher than that of devices with PANI-PAAMPSA anodes, likely due to slight differences in the work function of the two conducting polymers. Devices with DCA-treated PEDOT-PSS anodes have average efficiencies of 2.12 AE 0.16% when tested in air as opposed to 0.97 AE 0.14% for devices with untreated PEDOT-PSS anodes. Given that DCA-treated PEDOT-PSS is significantly more conductive compared to DCA-treated PANI-PAAMPSA, it is not surprising that devices comprising DCA-treated PEDOT-PSS consistently outperform those with DCA-treated PANI-PAAMPSA anodes.
Transparent metal oxides are also commonly used in OLEDs. To assess the wide incorporation of DCA-treated conducting polymers in organic electronics, we also examined the performance of OLEDs comprising poly(2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene vinylene), MEH-PPV (emissive layer), with conducting polymer anodes and barium cathodes for hole and electron injection, respectively. Fig. 4 contains the luminance characteristics of OLEDs with untreated and DCA-treated PANI-PAAMPSA anodes (A) as well as those of OLEDs with untreated and DCA-treated PEDOT-PSS anodes (B). The device characteristics are detailed in Table 1 . Replacing DCA-treated PANI-PAAMPSA anodes for pristine PANI-PAAMPSA anodes significantly reduces the turn-on voltage from 7.6 AE 0.1 V to 2.7 AE 0.1 V. Further, we observe a nearly 10-fold increase (from 2.1 AE 0.6 Cd∕m 2 to 22.0 AE 0. ) in MEH-PPV where the electron mobility is significantly lower than the hole mobility (31). Nonetheless, the conductivity enhancement in PANI-PAAMPSA and PEDOT-PSS directly impacts the ease with which holes are injected from the anode leading to enhance OLED performance. Polymer acid templated conducting polymers were developed to overcome the intractability of small-molecule acid doped systems. The gain in processability has frequently come at the expense of conductivity, severely limiting the utility of these materials. With a simple postdeposition solvent annealing treatment that is widely applicable to a broad range of materials, we can dramatically improve the conductivity of water-dispersible conducting polymers; the conductivities achieved through this treatment qualify the treated conducting polymers as practical alternatives to metals and transparent metal oxides that are used as electrodes in organic electronics. As demonstrated, this treatment will enable the broad incorporation of conducting polymers in organic electronic applications. Water-dispersible systems can be deposited and patterned (32), and now their conductivity can be enhanced to practical levels via this postdeposition solvent annealing process.
Materials and Methods
Polymer Synthesis. PANI-PAAMPSA was synthesized according to previously published procedures (21) . To synthesize PANI-PSS, we first converted commercially available PSS-Na (Alfa Aesar; M w ¼ 500 kg∕mol) to its acidic form via ion exchange. PSS was then used to template synthesize PANI-PSS according published procedures (21) .
We dispersed purified PANI-PAAMPSA and PANI-PSS at 5 wt% in deionized water; the dispersion was stirred for 10-14 days before use. PEDOT-PSS dispersion was used as received from H.C. Starck. We first spin coated the conducting polymer dispersions on either Si∕SiO 2 or glass substrates at 1,000 rpm. The polymer films were baked at 100°C for 3 min to remove residual water. We then agitated the films in preheated DCA (Acros Organics, 99 þ %) at 100°C for 3 min. The treated films were then baked at elevated temperatures for 30 min to remove DCA. After DCA treatment, we exposed the films to <10 −7 torr vacuum for more than 3 h to remove residual DCA prior to any characterization.
Titration Experiments. The ionization constants (pK a ) of DCA and polymer acids were measured via titration with 0.1 M sodium hydroxide at 70°C. We tracked the pH as 10 −5 M DCA and 10 −7 M PAAMPSA and PSS were titrated with sodium hydroxide.
Characterization Techniques and Procedures. The electrical conductivities of conducting polymer films were measured using the four-point probe method (21, 33) with an Agilent 4155C Semiconductor Parameter Analyzer. We measured the thicknesses of the conducting polymer films before and after DCA treatment using a Dektak 3.21 profilometer. AFM images of the conducting polymer films were obtained on a Digital Instrument Nanoscope IIIa. The rms roughness was quantified using NanoScope Software version 7.00b20. UV-vis-NIR spectra of the conducting polymer films on glass substrates were collected using an Agilent 8453 UV-vis-NIR spectrometer. We used a clean glass slide as background. Sample spectra were collected in the wavelength range of 300-1100 nm.
XPS was carried out using a Physical Electronics ESCA 5700 spectrophotometer equipped with a monochromatic Al Kα x-ray source and a hemispherical electron analyzer. All spectra were collected at a base pressure of ≈2 × 10 −8 torr at ambient temperature. High-resolution scans were acquired at 0.1-eV increment with a sweep time of 1; 000 ms∕eV and 10 energy sweeps for each spectrum. Prior to data analysis, the binding energy of the core level C1s peak was set at 284.5 eV to compensate any surface charging effects and all elemental spectra were shifted accordingly. During data fitting, the peak positions and the full widths at half the maximum intensity of the peaks were kept constant; the peak intensities were the only floating parameters. The relative concentration of the individual species was then extracted by comparing the relevant integrated peak intensities.
Device Fabrication and Testing. To fabricate bottom-contact OTFTs, we first defined PANI-PAAMPSA source and drain electrodes on Si∕SiO 2 substrates (32). The channel length (L) and width (W) of our OTFTs are 100 and 1,000 μm, respectively. To fabricate devices with highly conductive PANI-PAAMPSA electrodes, the electrodes were subjected to DCA treatment before the deposition of DHT-ANT (27) via thermal evaporation. Averages and standard deviations were extracted from at least 90 measurements on individual and separate films cast from different batches of conducting polymers.
To fabricate OSCs, we first deposited gold grids on bare glass substrates. PANI-PAAMPSA and PEDOT-PSS aqueous dispersions were spin coated on the predefined gold grids at 1,000 rpm for 1 min to define the anodes. DCA treatment was performed subsequently. P3HT (Merck) and PCBM (Nano-C) was codissolved at 1∶0.8 ðwt∕wtÞ in chlorobenzene to yield a 2.4 wt% solution and the solution was deposited by spin coating directly on PANI-PAAMPSA (or PEDOT-PSS) anodes at 500 rpm for 1 min resulting in active layers approximately 150-nm thick. We then deposited 100 nm of aluminum by thermal evaporation through a shadow mask to form the cathodes. The active area of our OSCs is 0.0625 cm 2 . All devices were fabricated and tested immediately in air.
Conducting polymer anodes for OLEDs were fabricated in an analogous fashion as those fabricated for OSCs. MEH-PPV was then spin coated from a 0.5% wt∕vol toluene solution resulting in an 80-nm-thick emissive layer on conducting polymer anodes. The devices were completed by thermal evaporation of cathodes consisting of ∼5 nm of barium and 100 nm of aluminum using a shadow mask at a pressure of 10 −6 torr. Devices were tested with a Keithley 2602 source meter measuring unit and the luminance signal was collected with a Thorlabs photodetector. All OLEDs were fabricated and tested in a nitrogen-filled glovebox. Ideally, we would measure the ionization constants at 100°C, the temperature at which dichloroacetic acid (DCA) treatment is carried out because ionization constants are known to vary with temperature (1). Because water evaporation can affect the concentration of the solutions during a single titration experiment, we opted to conduct our titration experiments at 70°C to eliminate the possibility of water loss. The pK a of the acids is given by the pH at the half point to neutralization (1). Fig. S1 shows the titration curves of (A) DCA, (B) poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAAMPSA), and (C) poly(styrene sulfonic acid) (PSS). The pK a s of DCA, PAAMPSA, and PSS are 0.70, 2.29, and 1.95, respectively, at 70°C. For comparison, we also determined the pK a s of these acids at room temperature. The pK a s of DCA, PAAMPSA, and PSS are 1.21, 2.41, and 2.10, respectively, and those of DCA (2) and PSS (3) are in accordance with values reported elsewhere.
Variable Temperature Conductivity Measurements on PANI-PAAMPSA.
We conducted variable temperature conductivity measurements in a cryostat from 81 to 298 K on untreated and DCA-treated PANI-PAAMPSA to examine the nature of charge transport. Fig. S2A shows the temperature-dependence of the conductivity of untreated poly(2-acrylamido-2-methyl-1-propanesulfonic acid) (PANI-PAAMPSA). We carried out two-point probe measurements on untreated PANI-PAAMPSA because its conductivity at low temperatures was too low to be analyzed by four-point probe setup. Because the bulk resistance of PANI-PAAMPSA is high, we assumed that the contact resistance is negligible. Below 130 K, the bulk resistance of PANI-PAAMPSA exceeds the instrument limitation so we were not able to acquire data beyond this point. The conductivity measured using the cryostat setup is an order of magnitude lower than that measured in air. The reduction in conductivity of PANI-PAAMPSA in the cryostat is attributed to the absence of water, which reduces macroscopic conduction in PANI via proton transfer (4) . Although the use of the two-probe setup and water loss during measurement affect the absolute magnitude of the conductivity of PANI-PAAMPSA, they do not affect the temperature-dependence of the conductivity measured. Fig. S2A shows that the conductivity of PANI-PAAMPSA decreases from 10 −2 S∕cm at room temperature in the cryostat to 10 −6 S∕cm at 130 K. This exponential dependence on temperature is consistent with quasi-one-dimensional hopping of carriers (5-8), and is quantitatively described in Eq. S1. This observation indicates that charge transport in PANI-PAAMPSA is enabled by thermally activated hopping of carriers (5-8).
In Eq. S1, σ is the conductivity, σ o is a proportionality constant, T is the absolute temperature, and T o is a measure of the barrier to charge transport in units of temperature (5) (6) (7) (8) . Fitting the data in Fig. S2A to Eq. S1 reveals T o ¼ 19; 980 K for untreated PANI-PAAMPSA. Fig. S2B shows the temperature dependence of the conductivity of DCA-treated PANI-PAAMPSA. These measurements were made with a four-point probe method so we were able to precisely remove the contribution of contact resistance. Because the sample was unencapsulated, it also suffers from moisture removal in the cryostat setup. Similar to the temperature-dependence of the conductivity of PANI-PAAMPSA, the conductivity of DCA-treated PANI-PAAMPSA decreases with decreasing temperature; this temperature dependence is also described by Eq. S1, suggesting that charge transport in DCAtreated PANI-PAAMPSA is also thermally activated. Fitting the data to Eq. S1 yields T o ¼ 1; 690 K. That T o is an order of magnitude smaller for DCA-treated PANI-PAAMPSA compared to untreated PANI-PAAMPSA indicates that hopping is much more efficient in DCA-treated PANI-PAAMPSA compared to untreated PANI-PAAMPSA.
HCl-Treated PANI-PAAMPSA. Fig. S3A and B show representative atomic force micrographs (AFMs) of untreated and HCl-treated PANI-PAAMPSA films, respectively. The AFMs of HCl-treated PANI-PAAMPSA is similar to that of untreated PANI-PAAMPSA; we observe globular structures that are reminiscent of the electrostatically stabilized colloidal particles in both micrographs. The rms roughness of HCl-treated PANI-PAAMPSA film is 58.7 nm (the rms roughness of the untreated film is 60.3 nm). The ultraviolet-visible-near infrared (UV-vis-NIR) spectrum of HCl-treated PANI-PAAMPSA is shown in Fig. S4A , along with those of untreated (Fig. S4B ) and DCA-treated (Fig. S4C ) PANI-PAAMPSA for comparison. In contrast to the spectrum of DCA-treated PANI-PAAMPSA, the spectrum of HCl-treated PANI-PAAMPSA looks similar to that of pristine PANI-PAAMPSA. A slight red-shift of the polaron transition is observed; this red-shift is associated with the doping of residual imine nitrogens along the backbone of PANI when PANI-PAAMPSA is exposed to HCl (9) . Given the preservation of the polaron transition, we believe that HCl-treated PANI-PAAMPSA retains its compact coil conformation; exposure to HCl did not yield significant structural rearrangement.
XPS of PANI-PAAMPSA. Fig. S5A and B show the x-ray photoelectron spectroscopy (XPS) spectra acquired in the nitrogen region of untreated and DCA-treated PANI-PAAMPSA films, respectively. The nitrogen spectrum was deconvoluted into three components (10): the peak located at 399.2 eV is attributed to neutral amine and imine sites in PANI, as well as the amide groups in PAAMPSA; the peak at 400.4 eV is assigned to protonated nitrogens (N þ 1 ) that are associated with the presence of polarons in PANI-PAAMPSA; the peak located at 401.3 eV is attributed to the protonated nitrogens (N þ 2 ) that are ionically associated with the sulfonic acid groups of PAAMPSA. A full width at half the maximum intensity (FWHM) of 1.4 eV was maintained during the fitting of all three peaks. Given that the concentration of species present is proportional to the integrated intensity of the relevant peaks, we observe in Fig. S5 that the total concentration of protonated nitrogens (N þ 1 and N þ 2 ) relative to that of neutral nitrogens changes with DCA treatment. The change in the extent of ionic association between PANI and PAAMPSA is also mirrored in the XPS spectra acquired in the sulfur region of untreated and DCA-treated PANI-PAAMPSA (Fig. S5C and D) . The sulfur XPS spectra were deconvoluted into two doublets (7): The doublet with peaks located at 167.5 and 168.7 eV is assigned to the sulfonic acid groups (−SO − 3 ) of PAAMPSA that are ionically associated with PANI; the other doublet with peaks located at 168.3 and 169.5 eV corresponds to the unionized sulfonic acid groups (−SO 3 H) of PAAMPSA. The FWHM of the individual peaks of the doublets was kept to 1.0 eV during peak fitting. Consistent with observations in the nitrogen spectra, we observe that the concentration of ionized sulfonic acid groups (−SO − 3 ) relative to that of unionized sulfonic acid groups (−SO 3 H) changes with DCA treatment. Our XPS results indicate that DCA can indeed moderate the strong ionic interactions between PANI and PAAMPSA. DCA-a stronger acid than PAAMPSA-can effectively disrupt the ionic interactions between the sulfonic acid groups in PAAMPSA and the PANI backbone, effectively "dissolving" PANI-PAAMPSA particles whose structures were arrested during template polymerization (11) . Exposure to DCA thus allows PANI-PAAMPSA to adopt a structurally more favorable extended chain conformation for charge transport. As a result, the electrical conductivity of PANI-PAAMPSA is improved by more than two orders of magnitude. We do not observe the presence of chlorine during XPS analysis of DCA-treated PANI-PAAMPSA films, indicating an absence of residual DCA. This observation suggests that the conductivity enhancement is not due to DCA doping (12) of PANI.
Conductivity Measurements and Structural Characterization of PANI-PSS. Fig. S6 details the electrical and structural characterization of PANI-PSS films before and after DCA treatment. The representative I-V characteristics of untreated (solid line) and DCA-treated (dashed line) PANI-PSS films are shown in Fig. S6A . The I-V curve of the untreated PANI-PSS film is magnified in the inset. The current is on the order of 10 −1 mA when a 10 V bias is applied to the untreated PANI-PSS film (solid line). After DCA treatment, the current increases by more than two orders of magnitude at the same applied bias (dashed line). Accordingly, the conductivity increases from 0.17 AE 0.04 S∕cm in untreated PANI-PSS films to 42.37 AE 12.49 S∕cm in DCA-treated PANI-PSS films. Like DCA-treated PANI-PAAMPSA, this conductivity enhancement is accompanied by drastic structural changes, as indicated by the differences in the UV-vis-NIR spectra in Fig. S6B and the AFMs in Fig. S6C and D. The UV-vis-NIR spectrum of untreated PANI-PSS (solid line) is consistent with that of untreated PANI-PAAMPSA. The broad peak between 310 and 450 nm is attributed to the π-π Ã transition of the conjugated PANI backbone, whereas the peak at 800 nm is associated with a polaron interband transition (13) (14) (15) . The presence of these peaks in the UV-vis-NIR spectrum indicates PANI having a compact coil conformation and is generally associated with PANI having low conductivities (16, 17) . After DCA treatment, the polaron interband transition is largely suppressed and a broad absorption appears in the near-IR region. This absorption is generally referred to as the free carrier tail (16, 17) and suggests large extents of delocalization of the charge carriers. The presence of this free carrier tail is associated with PANI having an extended chain conformation (16, 17) that greatly improves charge transport (16, 17) . This observation is consistent with changes in the UV-vis-NIR spectrum of PANI-PAAMPSA after DCA treatment. The AFMs of untreated and DCA-treated PANI-PSS in Fig. S6C and D are also consistent with those of untreated and DCA-treated PANI-PAAMPSA. Specifically, the pristine PANI-PSS film surface is rough; an rms roughness of 13.7 nm was extracted from the 5 × 5-μm window. Submicron size electrostatically stabilized PANI-PSS particles compose the film. The same film becomes significantly smoother after DCA treatment; the extracted rms roughness is 2.9 nm.
XPS of PANI-PSS. Fig. S7 contains the nitrogen XPS spectra of untreated (Fig. S7A ) and DCA-treated (Fig. S7B ) PANI-PSS films. We deconvoluted the signal in the nitrogen region using the same procedure outlined for XPS analysis of PANI-PAAMPSA. Given that PAAMPSA is replaced with PSS (no amide groups), the peak at 399.2 eV arises solely from neutral amine and imine in PANI (18) . Comparison of the XPS spectra in Fig. S7A and B reveals that the concentration of protonated nitrogens relative to that of neutral nitrogens changes on DCA treatment. This observation is consistent with XPS data analysis carried out in the sulfur region. Specifically, the concentration of ionized sulfonic acid relative to that of unionized sulfonic acid changes with DCA treatment. Just as in the case of PANI-PAAMPSA, exposure to DCA moderates the ionic interactions between the sulfonic acid groups of PSS and the aniline repeat units. Further, we did not detect the presence of chlorine during the XPS analysis of DCA-treated PANI-PSS films, suggesting the absence of residual DCA in the films. Collectively, our characterization on DCA-treated PANI-PSS indicates that conductivity enhancement in this material is mechanistically comparable to conductivity enhancement in PANI-PAAMPSA; strong acids that are good plasticizers for the polymer acid template can induce structural rearrangement during solvent annealing, leading to enhanced charge transport and a concomitant increase in bulk conductivity.
Conductivity Measurements and Structural Characterization of PEDOT-PSS. Fig. S8 contains the electrical and structural properties of untreated and DCA-treated PEDOT-PSS. The current of untreated PEDOT-PSS film is on the order of 10 −1 mA at a 10 V bias ( Fig. S8A; solid line) . The current of the same PEDOT-PSS film increases by more than three orders of magnitude given the same applied voltage after DCA treatment ( Fig. S8A ; dashed line). This improvement translates to an average conductivity of 0.21 AE 0.05 and 175.39 AE 59.75 S∕cm for untreated and DCAtreated PEDOT-PSS films, respectively. Fig. S8B shows the UV-vis-NIR spectra of untreated (solid line) and DCA-treated (dashed line) PEDOT-PSS films. In the UV-vis-NIR spectrum of as-cast PEDOT-PSS film, a peak at 280 nm related to the π-π Ã transition and a broad band at approximately 800 nm associated with polaron transition are observed (19, 20) . Underlying the polaron interband transition is a continuously increasing background that extends into the near-IR range. This background, attributable to the free carrier tail, suggests that untreated PEDOT-PSS has an extended chain conformation (19, 20) . This spectrum is consistent with the UV-vis-NIR spectrum of PEDOT-PSS previously reported (19, 20) . After DCA treatment, the UV-vis-NIR spectrum of PEDOT-PSS is comparable to that of pristine PEDOT-PSS; only a slightly stronger absorption in the near-IR region is observed. This observation indicates that DCA treatment of PEDOT-PSS does not induce significant rearrangement of the polymer conformation. Yet, the conductivity of PEDOT-PSS increases significantly after DCA treatment. Fig. S8 shows the AFMs of untreated (Fig. S8C ) and DCAtreated (Fig. S8D) PEDOT-PSS films. The untreated PEDOT-PSS film is very smooth with an rms roughness of 0.9 nm over the 5 × 5-μm scan window. After DCA treatment, however, the surface of the film roughens. The extracted rms roughness of the DCA-treated PEDOT-PSS film is 2.6 nm. The mechanism by which conductivity improvement occurs in PEDOT-PSS must thus be different from that in PANI-PAAMPSA or PANI-PSS.
XPS of PEDOT-PSS. The XPS spectra of untreated and DCA-treated PEDOT-PSS films in the sulfur region are shown in Fig. S9A and B, respectively. The sulfur spectra were each deconvoluted into three doublets (21) . During data fitting, a FWHM of 1.2 eV was maintained for the individual peaks within each doublet. The doublet consisting of peaks at 164.5 and 165.6 eV corresponds to the protonated thiophene units in PEDOT (21) . The positive charges in PEDOT are not localized on single monomer units. Rather, they are delocalized over several adjacent rings, resulting in a spread in the binding energies (21, 22) . This broad distribution of binding energies results in an asymmetric tail on the higher energy side of the PEDOT sulfur signal (21) . The other two doublets, located at higher binding energies compared to the PEDOT sulfur doublet and only separated by 0.4 eV, are associated with the sulfonic acid groups in PSS. The doublet with peaks located at 168.4 and 169.6 eV is attributed to sulfonic acid that is associated with sodium (SO − 3 Na þ ) (21) (22) (23) (24) (25) . Sodium persulfate (Na 2 S 2 O 8 ) is frequently used as the oxidizing agent for the synthesis of PEDOT. It has been hypothesized that sodium ions from residual oxidizing agent can associate with the sulfonic acid groups of PSS (2324). The doublet with peaks located at 168.8 and 170.0 eV is attributed to SO 3 H of PSS. Comparing Fig. S9A and B indicates that the sulfur content attributable to PEDOT relative to that attributable to PSS has increased with DCA treatment. This observation suggests that the PEDOT content is enhanced on the surface of the film with exposure to DCA. The oxygen XPS spectra of untreated and DCA-treated PEDOT-PSS films are shown in Fig. S9C and D, respectively. The oxygen spectra were deconvoluted into four different oxygen environments (21) . The peak at the highest binding energy (533.7 eV) corresponds to oxygens in the dioxyethylene bridge of PEDOT (21) . The peaks located at 532.4 and 533.5 eV correspond to oxygens in the sulfonic acid groups of PSS. Specifically, the peak at the lower binding energy of 532.4 eV originates from oxygens that are double bonded to sulfur in the sulfonic acid groups, whereas the peak at the higher binding energy corresponds to hydroxyl oxygens (21) . The peak at 531.9 eV is associated with oxygens in the sulfonic acid groups that are ionically associated with sodium (21) . Monitoring the change in the integrated intensity of the peak associated with PEDOT relative to the integrated intensities of the peaks associated with PSS would thus provide a measure of the PEDOT content on the surface of the film. Consistent with differences in the sulfur spectra, a comparison between Fig. S9C and D indicates an enhancement of PEDOT content on the surface of the film after DCA treatment. The suite of structural characterization carried out on pristine and DCAtreated PEDOT-PSS in fact indicates that the mechanism with which conductivity is enhanced in PEDOT-PSS is fundamentally different from that in PANI-PAAMPSA and PANI-PSS. Solvent annealing PEDOT-PSS appears to selectively disrupt the PSS overlayer (21) (22) (23) (24) (25) that is always present when PEDOT-PSS is cast as films. The disruption of this insulating overlayer is in turn responsible for the enhancement in lateral conductivity of PEDOT-PSS.
Organic Solar Cells (OSCs)-Additional Details. Typically, indium tin oxide (ITO) is widely used as the anode in OSCs because of its low resistance and high optical transparency (26) . Given the scarcity of indium and its rising costs, there is a strong driving force to find an alternative to ITO for solar cell applications. Here, we assess the use of conducting polymers as replacement candidates for ITO in bulk heterojunction OSCs with a blend of P3HT and PCBM as the active layer. In bulk heterojunction OSCs of P3HT and PCBM, P3HT is responsible for light absorption. Fig. S10 contains the UV-vis-NIR spectra of P3HT (solid black line), untreated (dashed red line) and DCA-treated (dash-dotted blue line) PANI-PAAMPSA, as well as untreated (dotted green line) and DCA-treated (dash-double-dotted black line) PEDOT-PSS. The absorptions of the conducting polymers all occur at higher wavelengths compared to the absorption of P3HT. Given that the absorption ranges of the active layer and the anode are complementary, the incorporation of these conducting polymers as anodes should not significantly influence the light absorption efficiency of active layer. 
